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Abstract: Photocatalytic water oxidation by persulfate
(Na2S2O8) with [Ru(bpy)3]
2+ (bpy = 2,2’-bipyridine) as a photo-
catalyst provides a standard protocol to study the catalytic
reactivity of water oxidation catalysts. The yield of evolved
oxygen per persulfate is regarded as a good index for the
catalytic reactivity because the oxidation of bpy of
[Ru(bpy)3]
2 + and organic ligands of catalysts competes with
the catalytic water oxidation. A variety of metal complexes
act as catalysts in the photocatalytic water oxidation by per-
sulfate with [Ru(bpy)3]
2 + as a photocatalyst. Herein, the cata-
lytic mechanisms are discussed for homogeneous water oxi-
dation catalysis. Some metal complexes are converted to
metal oxide or hydroxide nanoparticles during the photoca-
talytic water oxidation by persulfate, acting as precursors for
the actual catalysts. The catalytic reactivity of various metal
oxides is compared based on the yield of evolved oxygen
and turnover frequency. A heteropolynuclear cyanide com-
plex is the best catalyst reported so far for the photocatalyt-
ic water oxidation by persulfate and [Ru(bpy)3]
2 + , affording
100 % yield of O2 per persulfate.
1. Introduction
One of the most important challenges that we are facing in
the 21st century is definitely the development of artificial pho-
tosynthesis to provide a sustainable energy supply using solar
energy.[1–23] Photosynthesis is the process to take four electrons
and four protons from water, which requires solar energy.[24–27]
A deeper understanding of the structure and function of the
‘natural’ photosynthetic process provides a source of insight
and inspiration for discovering how solar energy can be stored
in a chemical bond as a low-mass, high-energy carrier fuel.[4–23]
Artificial photosynthesis consists of several processes com-
posed of light-harvesting, charge-separation, and water oxida-
tion and reduction processes, mimicking natural photosynthe-
sis.[4–23] The most challenging part among those processes is to
develop efficient catalysts for water oxidation like the oxygen-
evolving complex (OEC) in photosystem II.[28–38]
[Ru(bpy)3]
3+ (bpy = 2,2’-bipyridine) has been frequently used
as an oxidant for water oxidation to study the catalytic reactivi-
ty, including photodriven catalytic water oxidation because of
its ability to react as a pure one-electron oxidant, the wide
range of reduction potentials accessible through ring substitu-
tion, pH-independent potentials, high quantum yield of photo-
generation, and characteristic absorption spectra of both
[Ru(bpy)3]
3+ and [Ru(bpy)3]
2 + , which allow the water oxidation
reaction to be easily monitored by using a UV/Vis spectropho-
tometer.[39, 40] Production of [Ru(bpy)3]
3 + in high quantum and
chemical yields can be readily achieved through the oxidative
quenching of the excited state of [Ru(bpy)3]
2 + by persulfate
(S2O8
2¢) in an aqueous solution (Scheme 1). The SO4C¢ radical
anion produced by dissociative electron transfer from
[Ru(bpy)3]
2+* to S2O8
2¢ can oxidize another equivalent of
[Ru(bpy)3]
2+ to [Ru(bpy)3]
3 + . Since water can be oxidized by
[Ru(bpy)3]
3+ in the presence of water oxidation catalysts, the
photocatalytic water oxidation with persulfate provides a stan-
dard protocol to study the catalytic reactivity of water oxida-
tion catalysts.
The scope of the current review is to comprehensively com-
pare the catalytic reactivity of water oxidation catalysts in the
photocatalytic water oxidation by persulfate using [Ru(bpy)3]
2 +
as a photocatalyst. First, the catalytic reactivities and mecha-
nisms of metal complexes acting as homogeneous catalysts in
water oxidation reactions are compared and discussed. Then,
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the conversion of homogeneous catalysts to metal oxide nano-
particles during the water oxidation is discussed to clarify the
actual heterogeneous catalysts produced from the precursor
metal complexes in homogeneous solution. Finally, the catalyt-
ic activity of various metal oxide nanoparticles is compared in
the [Ru(bpy)3]
2 +-photocatalyzed water oxidation by persulfate
to develop the most efficient water oxidation catalyst affording
100 % yield of O2.
2. Homogeneous Catalysts
Extensive efforts have been devoted to develop homogeneous
water oxidation catalysts (WOCs) in the photocatalytic water
oxidation by persulfate as an oxidant with [Ru(bpy)3]
2 + as
a photocatalyst.[41–66] The turnover numbers (TONs) and the
yields of O2 are summarized in Table 1. Molecular polyoxometa-
lates (POMs) have been developed as efficient WOCs because
inorganic ligands of POMs are hardly oxidized during the
water oxidation.[67–69] An iron-based POM,
[Fe11(H2O)14(OH)2(W3O10)2(a-SbW9O33)6]
27¢, acts as the most effi-
cient catalyst in the [Ru(bpy)3]
2 +-photocatalyzed water oxida-
tion by persulfate, affording a high TON (1815) and a high O2
yield per persulfate (94 %) at pH 10 in a sodium borate buffer
aqueous solution.[41] The O2 yield is defined as twice the
number of moles of O2 per mole of Na2S2O8 because two
moles of Na2S2O8 are required for the four-electron oxidation
of H2O to evolve O2. The catalytic cycle of visible-light-driven
water oxidation by persulfate and [Ru(bpy)3]
2+ is shown in
Scheme 2. [Ru(bpy)3]
3 + produced by oxidative electron-transfer
quenching of [Ru(bpy)]2 +* by persulfate (Scheme 1) can oxi-
dize water by the catalysis of a WOC (Scheme 2).
The initial reaction rate of 7.9 mmol min¢1 (the oxygen evo-
lution rate in the first 60 s of light illumination) and TOFinitial
(TON 1 min/60 s) of 6.3 s¢1 in the photocatalytic oxidation with
the Fe-POM are the largest among the data in Table 1.[41] The
Scheme 2. Photocatalytic cycle for water oxidation by persulfate with
[Ru(bpy)3]
2 + and WOC.
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quantum yield [(initial O2 formation rate)/(photon flux)] of 47 %
is also the highest value ever reported for the homogeneous
photocatalytic water oxidation because the quantum yield of
50 % corresponds to 100 % quantum efficiency (two photons
are required to produce four equivalents of [Ru(bpy)3]
3 + , which
oxidize water to O2 with WOC).
[41] Isotope-labeling water oxida-
tion experiments using 18O-enriched water instead of H2
16O
demonstrated that the evolved oxygen comes from water-de-
rived oxygen atoms.[41] In catalytic water oxidation, homogene-
ous metal complexes are often claimed as precatalysts, which
decompose under oxidizing conditions to insoluble metal
oxides that are the real catalysts as discussed in the next sec-
tion. Dynamic light scattering (DLS) measurements indicate
that no nanoparticles are produced during the photocatalytic
water oxidation with the POM, which remains as a soluble ho-
mogeneous catalyst.[41]
Inspired by the {CaMn4O5} oxygen-evolving complex of pho-
tosystem II where Ca2 + plays the essential role,[70, 71] the
[CoII3Ln(hmp)4(OAc)5H2O] (Ln = Ho–Yb, hmp = 2-(hydroxyme-
thyl)pyridine) cubane complexes were designed to address cru-
cial design parameters, ranging from nuclearity and redox-inac-
tive promoters by newly combining Ln3 + centers as redox-in-
active Ca2 + analogues with flexible aqua-/acetate ligands into
active and stable WOCs, which afforded high O2 yields in the
photocatalytic water oxidation by persulfate (Table 1).[42, 43]
The catalytic mechanism was reported for the water oxida-
tion by ceric ammonium nitrate (CAN), (NH4)2[Ce
IV(NO3)6] , using
all-inorganic mononuclear ruthenium complexes bearing
a Keggin-type lacunary heteropolytungstate, [RuIII(H2O)SiW11-
O39]
5¢ and [RuIII(H2O)GeW11O39]
5¢, as WOCs.[72] It has been pro-
posed that the RuV = O species was produced by the two-elec-
tron oxidation of the RuIII complex with two equivalents of
CAN (Scheme 3).[72] The formation of the RuV = O complex was
indeed detected by EPR and resonance Raman spectroscopy.[72]
A kinetic study suggested that the rate-determining step
(r.d.s.) is the nucleophlic attack of H2O to the Ru
V = O complex
to produce the RuIIIOOH complex, which is the O¢O bond for-
mation step, where the reverse O¢O bond cleavage process is
in competition with the follow-up two-electron oxidation pro-
cesses to generate O2 (Scheme 3).
[72]
Virtually, the same mechanism, as shown in Scheme 4, was
proposed for the photocatalytic water oxidation by persulfate
using a water-soluble cobalt porphyrin (CoFPS), which possess-
es fluorine groups at the 2- and 6-positions of the meso-aryl
rings of the porphyrin (Scheme 4). CoFPS exhibited significant-
ly improved stability with a high TON (570) as compared with
non-fluorinated Co porphyrin (CoTPPS: TON= 122).[56] The in-
creased stability results from resistance of CoFPS against sin-
glet oxygen, the formation of which was monitored in situ by
using 9,10-diphenylanthracene as a chemical probe.[57] DLS in-
dicated that CoFPS remained homogeneous during the water
oxidation catalysis.[57] In the case of the photocatalytic oxida-
tion, two equivalents of [Ru(bpy)3]
3 + produced by the oxida-
Table 1. TON and yield in photocatalytic water oxidation by persulfate
using homogeneous catalysts.




27¢[c] 10.0 1815 94 [41]
[CoII3Ho(hmp)4(OAc)5H2O]
[d,e] 8.0 99 97 [42]
[CoII3Er(hmp)4(OAc)5H2O]
[d,e] 8.0 93 91 [42]
[CoII3Tm(hmp)4(OAc)5H2O]
[d,e] 8.0 40-72 >90 [42]
[CoII3Yb(hmp)4(OAc)5H2O]
[d,e] 8.0 76 97 [42]
[CoII4(hmp)4(m-OAc)2(m2-OAc)2(H2O)2]




9.0 1436 44 [44]
[{Ru4O4(OH)2(H2O)4}(g-SiW10O36)2]
10¢ 7.2 350 38 [45]
Na50[Ni25(H2O)2(OH)18(CO3)2(PO4)6(SiW9O34)6]·85H2O 9.0 125 18 [46]
[{Co4(OH)3(PO4)}4(GeW9O34)4]
32¢ 9.0 39 31 [47]
[{Co4(OH)3(PO4)}4(AsW9O34)4]
28¢ 9.0 33 26 [47]
Na10[Co4(H2O)2(VW9O34)2]·35H2O 9.0 750 60 [48]
Co3(O3PCH2-NC4H7-CO2)2·4H2O 9.0 10 78 [49]
[MnIII3Mn
IVO3(CH3COO)3(A-a-SiW9O34)]
6¢ 5.2 5.2 3.7 [50]
K10[Co(H2O)2(g-SiW10O35)2]·23H2O 9.0 187 58 [51]
Cs9[(g-PW10O36)2Ru
IV
4O5(OH)(OH2)4] 5.8 120 25 [52]
(NH4)3[CoMo6O24H6]·7H2O 8.0 107 26 [53]
(NH4)6[Co2Mo10O38H4]·7H2O 8.0 154 20 [53]
[CoII(Py5OH)(Cl)](BF4)
[f] 8.0 51 34 [54]
[Co2(spy)2](ClO4)4
[g] 8.5 442 5.6 [55]
CoTPPS[h] 11 122 49 [56]
CoFPS[i] 9.0 570 60 [57]
[Co(qpy)(OH2)2]
2 + [j] 8.0 160 67 [58]
[Ru(bda)(ppy)2]
[k] 7.1 267 80 [59]
[Ru(bda)L2]
[l] 7.0 518 50 [60]
[Ru(bda)L2]-[(Ru(bpy)3)
2 +]2
[m] 7.0 210 41 [61]
[Ru(NPM)(H2O)(pic)2]
2+ [n] 7.0 103 18 [62]




¢ 7.0 67 20 [64]
Na[{RuII(py-SO3)2(H2O)}2(m-Mebbp)] 7.0 5300 22 [65]
[Co2(m-OH)2(TPA)2](ClO4)4
[p] 9.3 742 72 [66]
[a] TON is defined as the total number of moles of O2 per mole of the cat-
alyst. [b] Yield is defined as twice the number of moles of O2 per mole of
Na2S2O8. [c] LED lamp (l420 nm), 1.0 mm [Ru(bpy)3](ClO4)2 (1.0 mm),
Na2S2O8 (5.0 mm), total reaction volume is 16 mL and overall volume is
ca. 21 mL, sodium borate buffer (80 mm, initial pH 10.0), and vigorous ag-
itation using a magnetic stirrer. Room temperature: 25 8C. [d] hmp = 2-
(hydroxymethyl)pyridine. [e] Typical conditions: a 470 nm high flux LED
(26.1 mW/cm2), [Ru(bpy)3]
2 + (1.0 mm), Na2S2O8 (5.0 mm), 8 mL of a borate
buffered solution (pH 8.0). [f] Py5 = 2,6-bis(methoxydi(pyridin-2-yl)methyl)-
pyridine. [g] spy = 2,2’:6’,2’’:6’’,2’’’:6’’’,2’’’’:6’’’’,2’’’’’-sexipyridine.
[h] CoTPPS = (5,10,15,20-tetrakis(4’-sulfonatophenyl)porphinato) cobalt(II)
tetra sodium salt. [i] CoFTS = a fluorinated cobalt porphyrin. [j] qpy =
2,2’:6’,2’’:6’’,2’’’-quaterpyridine. [k] H2bda = 2,2’-bipyridine-6,6’-dicarboxylic
acid; ppy = 4-phenylpyridine. [l] L = N-cyclic aromatic ligands. [m] Two
RuII-polypyridine photosensitizers are covalently linked to one [Ru(bda)L2]
catalyst. [n] NPM = 4-tert-butyl-2,6-di-(1’,8’-naphthyrid-2’-yl)pyridine, pic =
4-picoline. [o] TAML = tetraamido macrocyclic ligand. [p] TPA = tris(2-pyri-
dylmethyl)amine.
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tive quenching of [Ru(bpy)3]
2+* by persulfate (Scheme 1) can
oxidize CoIIIFPS to produce CoIV(O)FPSC+ , which is equivalent to
CoV(O)FPS (Scheme 4). The nucleophilic attack of water to
CoV(O)FPS affords the hydroperoxo complex ([CoIII(OOH)FPS]¢),
which is further oxidized by two equivalents of [Ru(bpy)3]
3 + to
produce O2 and regenerate Co
IIIFPS (Scheme 4). The nucleo-
philic attack of water to high-valent cobalt-oxo species has
also been proposed for electrocatalytic water oxidation with
Co hangman corroles,[73] non-heme Co complexes,[74] and cat-
ionic Co porphyrins.[75]
When a RuIII-aqua complex, Ru(k3
O,N,Nbda)(L)2(OH2) (L = 6-F-
isoquinoline), was employed as a WOC for the water oxidation
by CAN, a RuV = O species produced by the oxidation of RuIII-
OH2 by two equivalents of CAN was proposed to undergo radi-
cal coupling to produce the dinuclear peroxo complex (RuIV-O-
O-RuIV), as shown in Scheme 5.[76] O2 may be evolved directly
by the reaction of RuIV-O-O-RuIV with water or RuIV-O-O-RuIV is
further oxidized to a superoxo complex which reacts with H2O
to evolve O2, accompanied by regeneration of Ru
III-OH2 and
RuIV-OH (Scheme 5). The radical coupling process may be the
rate-determining step in the catalytic water oxidation with
CAN because the rate of water oxidation was proportional to
the square of the concentration of RuIII-OH2.
[76] The formation
of the radical superoxo intermediate [RuIV-O-O-RuIV]C3+ was in-
dicated in the electrochemical experiments and supported by
DFT calculations.[76] However, the direct detection of the inter-
mediates has yet to be made. [Ru(bda)(6-fluoroisoquinoline)2]
showed an extremely high catalytic activity with a TOF of
1000 s¢1, whereas [Ru(bda)(6-bromophthalazine)2] exhibited
a high TON (~100 000).[76]
A large TON (5300) was obtained in the photocatalytic water
oxidation by persulfate with a ruthenium tris(bipyridyl)-type
dye (RuPS) and a pyrazolate-based dinuclear ruthenium water
oxidation catalyst, {[RuII(py-SO3)2(H2O)]2(m-Mebbp)}
¢ , at pH 7.0
(Table 1).[65, 77] The mechanism of O¢O bond formation (nucleo-
philic attack of water in Schemes 3 and 4 versus radical cou-
pling in Scheme 5) in the catalytic water oxidation can be con-
trolled by the relative position of the Ru-O units, in addition to
the electronic effects exerted by the auxiliary ligands.[13, 78–80]
A radical coupling mechanism was also proposed for the O¢
O bond formation in the photocatalytic water oxidation by
persulfate with [Ru(bpy)3]
2 + and CoTPPS, as shown in
Scheme 6.[56] The observation of a second-order dependence
of the rate on the concentration of CoTPPS in the photocata-
lytic water oxidation by persulfate indicates that the radical
coupling of two Co-oxyl radicals is the rate-determining step in
Scheme 6.[56] The change in the O¢O bond formation mecha-
nism from the nucleophilic attack of water to the CoV(O) spe-
cies (or CoIV(O) porphyrin radical cation) of CoFPS in Scheme 4
to the radical coupling of the CoIV(O) species of CoTPPS in
Scheme 6 was suggested on the basis of the observation of
a less steric effect in CoTPPS relative to CoFPS owing to the
shift of the sulfate groups from the 3- to the 4-positions on
the aryl rings for the bimolecular radical coupling reaction.[57]
The calculated Mulliken spin densities at the oxo ligand for the
formally CoV complexes show that CoFPS has more radical
character on the oxyl oxygen (spin = 1.42) than CoTPPS does
(spin = 1.09), thus suggesting that CoFPS may be more efficient
at bimolecular radical coupling.[57] However, the electronic
effect seems to be less important in the catalytic water oxida-
tion with cobalt porphyrins. Any intermediates in Scheme 6
have yet to be detected or identified.
Scheme 5. Catalytic cycle for water oxidation by CAN with a RuIII-aqua com-
plex (Ru-OH2 : [Ru(k3
O,N,Nbda)(L)2(OH2)] (L = 6-F isoquinoline)).
Scheme 6. Catalytic cycle for photodriven water oxidation by persulfate with
[Ru(bpy)3]
2 + as a photocatalyst and CoFPS as a WOC.
Scheme 4. Catalytic cycle for photodriven water oxidation by persulfate
using CoFPS as a WOC.
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A bis-hydroxo-bridged dinuclear CoIII-pyridylmethylamine
complex, [{Co(TPA)}2(m-OH)2]
4 + (1), acts as a homogeneous cat-
alyst for photocatalytic water oxidation by persulfate with
[Ru(bpy)3]
2+ , affording a high quantum yield (88 %) and chemi-
cal yield (72 %) with a high turnover number (TON = 742) for
O2 formation (Table 1) without forming catalytically active Co-
oxide (CoOx) nanoparticles.
[66] The pH dependence of the cata-
lytic activity indicates that the active species of water oxidation
is a species (2) derived from the two-electron PCET oxidation
of 1 and that the PCET formation of 2 is the rate-determining
step of the water oxidation, as shown in Scheme 7.[66] The DFT
calculations suggest that the most stable state of 2 is the trip-
let state of the bis-m-oxyl CoIII-dinuclear complex, [CoIII2(m-
O·¢)2(TPA)2]
4+ , rather than a bis-m-oxo-CoIV dinuclear com-
plex.[66] The bis-m-oxyl-CoIII2 complex in the singlet state is ther-
mally accessible on the basis of the result, suggesting that the
singlet species is only 0.5 kcal mol¢1 higher than the triplet
state, being converted thermally to a putative m :h2,h2-peroxo-
CoIII dinuclear complex, the energy of which is only by 0.7 kcal
mol¢1 higher than that of the singlet bis-m-oxyl-CoIII2 com-
plex.[66] Based on isotope-labeling experiments, the O¢O bond
formation has been proposed to occur via intramolecular radi-
cal coupling between the two oxyl ligands locating diagonally
in the singlet CoIII2(m-O
·¢)2 rectangular core to afford the puta-
tive m :h2,h2-peroxo-CoIII intermediate, which reacts with water
to produce a proposed m-peroxo-m-hydroxo dinuclear CoIII
complex (3).[66] The complex 3 is further oxidized to evolve O2,
accompanied by regeneration of 1 (Scheme 7).[66]
3. Heterogeneous Catalysts Derived from Mo-
lecular Precatalysts
As mentioned above, determination of the true catalyst for the
water oxidation to dioxygen has become an important issue
because extra caution needs to be taken to clarify whether
nanoparticles are produced from the homogeneous metal
complexes throughout the oxidation reactions, acting as the
actual catalysts or not.[81–93] Water-soluble cobalt complexes
(Figure 1 a–d) have been reported to act as precatalysts rather
than actual catalysts in the photocatalytic water oxidation by
persulfate with [Ru(bpy)3]
2 + .[94] The TON and yield of O2 are
listed in Table 2. The yield of O2 per persulfate with
[CoII(Me6tren)(OH2)]
2+ (50 mm) was 54 %.[94] When the concen-
tration of [CoII(Me6tren)(OH2)]
2 + was increased to 2.5 mm, how-
ever, no O2 was evolved after photoirradiation of the buffer so-
lution containing Na2S2O8 and [Ru(bpy)3]
2 + (1st run) because
the oxidation of the organic ligands proceeded prior to water
oxidation to produce CO2 rather than O2.
[94] Particles formed at
the 1st run were separated from the reaction solution by cen-
trifugation, washed successively with water and ethanol, and
dried in vacuo at room temperature.[94] When the particles (~
0.12 mg) were employed as a catalyst at the 2nd run, efficient
O2 evolution (~60 % yield) was observed.[94] Robustness of the
nanoparticles was confirmed by collecting them after each cat-
alytic cycle and by re-using them in a subsequent catalytic
cycle. Actually, a significant amount of O2 evolution could be
observed even in the 3rd cycle.[94] Thus, the actual catalyst for
the photocatalytic water oxidation was the particles derived
from [CoII(Me6tren)(OH2)]
2 + .[94] The nanoparticle formation was
confirmed by DLS measurements, which indicate that the aver-
Scheme 7. Catalytic cycle for photodriven water oxidation at pH 9.3 by persulfate with [Ru(bpy)3]
2 + as a photocatalyst and a bis-m-hydroxo-CoIII-TPA dinuclear
complex, [{Co(TPA)}2(m-OH)2]
4 + (1), as a WOC. At pH 9.3, the complex 1 is deprotonated to be the corresponding m-oxo-m-hydroxo form (1¢H+).
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age size of nanoparticles is 15–60 nm.[94] Transmission electron
microscopy (TEM) images of the particles derived from
[CoII(Me6tren)(OH2)]
2 + are displayed in Figure 2 a and 2 b.[94] The
size of particles ranged from 10 to 50 nm, which agrees with
the range of particles size determined by DLS (15–60 nm).[94]
Similar nanoparticles were formed from [CoIII(Cp*)(bpy)(OH2)]
2 +
(Figure 2 c and 2 d) and Co(NO3)2 (Figure 2 e and 2 f).
[94] The
high magnification image in Figure 2 b indicates that smaller
particles in the size of few nanometers were also formed, indi-
Figure 1. Chemical structures of mononuclear water-soluble cobalt complexes used as precatalysts (a) [CoII(Me6tren)(OH2)]
2 + , (b) [CoIII(Cp*)(bpy)(OH2)]
2+ ,
(c) [CoII(12-TMC)]2+ , and (d) [CoII(13-TMC)]2 + . (e) Scheme showing the overall catalytic cycle for photocatalytic water oxidation by Na2S2O8 with [Ru(bpy)3]
2+
and a cobalt complex precatalyst.
Table 2. TON and yield in photocatalytic water oxidation by persulfate
using homogeneous catalyst precursors.
Catalyst pH TON[a] Yield [%][b] Ref.
[CoII(Me6tren)(OH2)]
2+ [c,d] 8.0 54 54 [94]
[CoIII(Cp*)(bpy)(OH2)]
2 + [c,e] 8.0 29 29 [94]
[CoII(12-TMC)]2 + [c,f] 8.0 16 16 [94]
[CoII(13-TMC)]2 + [c,g] 8.0 41 41 [94]
CoII(NO3)2
[c] 8.0 52 52 [94]
CoII(Salen)[h] 9.0 854 55 [95]
Fe(mcp)Cl2
[i] 8.5 194 24 [97]
[Fe(bpy)2Cl2]Cl 8.5 157 21 [97]
[Fe(tpy)2]Cl2
[j] 8.5 376 42 [97]
[Fe(cyclen)Cl2]Cl
[k] 8.5 412 46 [97]
Fe(tmc)Br2
[l] 8.5 364 41 [97]
Fe(ClO4)3 8.5 436 48 [97]
Fe(BQEN)(OTf)2
[m] 9.0 259 52 [98]
[NiL1](ClO4)2
[n] 8.0 2 3 [100]
[NiL2](ClO4)2
[o] 8.0 53 30 [100]
[NiL3](ClO4)2
[p] 8.0 54 31 [100]
[NiL4](ClO4)2
[q] 8.0 31 19 [100]
[NiL5](ClO4)2
[r] 8.0 41 25 [100]
[NiL6](ClO4)2
[s] 8.0 50 29 [100]
Ni(NO3)2 8.0 65 37 [100]
[a] TON is defined as the total number of moles of O2 per mole of the cat-
alyst. [b] Yield is defined as twice the number of moles of O2 per mole of
Na2S2O8. [c] Typical conditions: Photoirradiation (Xe lamp, l>420 nm) of
a buffer solution (2.0 mL, 50 mm phosphate, pH 8.0) containing
[Ru(bpy)3]
2 + (0.50 mm), Na2S2O8 (10 mm) and a mononuclear cobalt com-
plex (50 mm). [d] Me6tren = tris[2-(dimethylamino)ethyl]amine. [e] Cp* =
pentamethylcyclopntadienyl. [f] 12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane. [g] 13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraa-
zacyclotridecane. [h] Salen = N,N’-bis(salicylidene)ethylenediamine.
[i] mcp = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)cyclohexane-1,2-diamine.
[j] tpy = 2,2’:6’,2’’-terpyridine. [k] cyclen = 1,4,7,10-tetraazacyclodecane.
[l] tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane. [m] BQEN=
N,N’-dimethyl-N,N’-bis(8-quinolyl)ethane-1,2-diamine. [n] L1 = N,N,N’N’-tet-
rakis(2-pyridylmethyl)ethylenediamine. [o] L2 = N,N,N’-tris-[2-(2’-pyridy-
l)ethyl]-N’-methylethane-1,2-diamine. [p] L3 = N,N’-bis-[2-(2’-pyridyl)ethyl]-
N,N’-dimethylethane-1,2-diamine. [q] L4 = N,N’-dimethyl-N,N’-bis(pyridyl-
2yl-methyl)ethylene-diamine. [r] L5 = meso-2,3,7,11,12-pentamethyl-
3,7,11,17-tetra-azabicyclo[11.3.1]heptadeca-1(17),13,15-triene. [s] L6 =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane.
Figure 2. TEM images of nanoparticles formed during the photocatalytic
water oxidation with (a and b) [CoII(Me6tren)(OH2)]2 + , (c and d)
[CoIII(Cp*)(bpy)-(OH2)]
2 + , and (e and f) Co(NO3)2 in a buffer solution (pH 9)
containing [Ru(bpy)3]
2 + (0.50 mm) and Na2S2O8 (10 mm).
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cating that the particles observed in Figure 2 a are secondary
particles.[94]
X-ray photoelectron spectroscopy (XPS) spectra of the nano-
particles derived from [CoII(Me6tren)(OH2)]
2 + exhibited Co 2p1/2
and Co 2p3/2 peaks at 780.0 eV and 795.3 eV, respectively, with
weak satellite peaks.[94] Co3O4 also showed two intense peaks
at 779.8 eV for Co 2p1/2 and at 795.1 eV for Co 2p3/2 with weak
satellite peaks.[94] Slightly intense satellite peaks observed with
the nanoparticles were ascribed to the higher ratio of CoII spe-
cies before the photocatalytic water oxidation.[94] The O 1s
peak of the nanoparticles appeared at 531.5 eV, which is in
a higher binding energy region compared with the O 1s peak
of Co3O4 (530.3 eV) by 1.2 eV.
[94] An increase in the binding
energy of the O 1s peak of the nanoparticles suggests the exis-
tence of metal hydroxide species.[94] Thus, the surface of the
nanoparticles derived from [CoII(Me6tren)(OH2)]
2 + under the
photocatalytic water oxidation is mainly composed of Co(OH)x,
which acts as the actual reactive catalyst for the photocatalytic
water oxidation.[94] The organic ligands were oxidized to CO2
during the photocatalytic water oxidation, but the carbona-
ceous residues may act as a modifier or capping agent of the
species compared with the authentic Co3O4 sample because
[CoII(Me6tren)(OH2)]
2 + exclusively contained CoII nanoparticles
to avoid the further aggregation to maintain the catalytic reac-
tivity.[94]
A CoII(salen) complex (salen = N,N’-bis(salicylidene)-ethylene-
diamine) also acts as a highly efficient water oxidation precata-
lyst in the photocatalytic oxidation of water by persulfate with
[Ru(bpy)3]
2+ as a photocatalyst, affording a TON of 854 at
pH 9.0 (Table 2).[95] Based on the electrospray ionization mass
spectrum (ESI-MS), 1H NMR and XPS analyses, the precipitates
derived from CoII(salen) during the photocatalytic water oxida-
tion are composed of a mixture of CoIII containing oxide and/
or CoIII hydroxide.[95] Cobalt-salen complexes were also report-
ed to serve as precursors to deposit nanostructured amor-
phous catalyst films for catalytic water oxidation with high ac-
tivity.[96]
Various iron complexes and Fe(ClO4)3 also act as precatalysts
for the photocatalytic water oxidation by persulfate with
[Ru(bpy)3]
2+ at pH 8.5 to produce nanoparticles (Table 2),
which were isolated and found to be Fe2O3 using various tech-
niques, including energy-dispersive X-ray spectroscopy and
XPS.[97] a-Fe2O3 nanoparticles prepared with a diameter of 15–
70 nm exhibited a similar catalytic reactivity with a TON of 58
compared to Fe(ClO4)3 used as a precatalyst, which gave a TON
of 57.[97]
In the case of Fe(BQEN)(OTf)2 used as a precatalyst, nanopar-
ticles isolated after the light-driven water oxidation by persul-
fate at the initial pH 9.0 were found to be iron hydroxides by
XPS measurements.[98] Under acidic conditions, FeII(BQEN)2 + is
oxidized by two equivalents of CAN to produce an iron(IV)-oxo
species, [FeIV(O)(BQEN)]2 + , which is further oxidized to produce
O2.
[98] Thus, FeII(BQEN)2 + acts as a homogeneous catalyst for
water oxidation by CAN without formation of nanoparticles, al-
though the dissociation of the BQEN ligand competes with the
formation of [FeIV(O)(BQEN)]2+ under acidic conditions.[98]
Simple cobalt salts are reported to act as homogeneous cata-
lysts for the photocatalytic water oxidation by persulfate under
acidic conditions (pH 3.0), although the catalytic reactivity is
much reduced as compared with that under basic conditions,
where the catalytically more active nanoparticles are pro-
duced.[99]
A number of Ni complexes and salts (see Table 2) were also
converted to nanoparticles during the photocatalytic water ox-
idation by persulfate pH 7–9 in borate buffer, which were
found to be partially reduced b-NiOOH by scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy, XPS,
X-ray diffraction (XRD), and IR spectroscopies.[100] [Ni(en)3]Cl2
(en = 1,2-diaminoethane) was also reported to serve as a pre-
cursor to deposit nanostructured amorphous nickel oxide
(NiOx), which acts as water oxidation catalysts with high cata-
lytic activity in a 0.10 m borate buffer solution (pH 9.2).[101]
In contrast to iron complexes which act as homogeneous
catalysts for water oxidation by CAN under acidic conditions
(see above), iridium complexes [IrIII(Cp*)(4,4’-R2-2,2’-bipyridine)
(H2O)]
2 + (R = OH, OMe, Me or COOH) are converted to nano-
particles during the water oxidation by CAN.[80] The nanoparti-
cles were composed of iridium hydroxide with a small amount
of carbonaceous residue based on TG/DTA and XPS measure-
ments of nanoparticles produced after the water oxidation.[80]
The iridium hydroxide nanoparticles act as an excellent catalyst
for the water oxidation by CAN with a high TOF (0.75 s¢1) and
a high TON (>1500).[80]
A water-soluble Ir complex, [Ir(Cp*)(H2O)3]
2 + , was used as
a precatalyst for iridium hydroxide nanoparticles, which acts as
an efficient water oxidation catalyst in the photocatalytic water
oxidation by O2 to produce hydrogen peroxide with
[RuII(Me2phen)3]
2+ (Me2phen = 4,7-dimethyl-1,10-phenanthro-
line) in the presence of Sc3 + in water under visible-light irradia-
tion.[102] The photocatalytic cycle for H2O2 production from H2O
and O2 is shown in Scheme 8, where the photoreduction of O2
to H2O2 by [Ru
II(Me2phen)3]
2+ in the presence of Sc3 + is com-
bined with the catalytic water oxidation to O2 by
[RuIII(Me2phen)3]
3 + .[103] Photoinduced electron transfer from the
excited state of [RuII(Me2phen)3]
2 + to O2 results in the forma-
tion of [RuIII(Me2phen)3]
3 + and O2C¢ that binds to Sc3 + and the
disproportionation of O2C¢-Sc3 + in water yields H2O2.[104] Four
equivalents of [RuIII(Me2phen)3]
3 + can oxidize H2O to O2 in the
presence of a WOC.[102, 103]
The time course of the photocatalytic production of H2O2
with [RuII(Me2phen)3]
2 + and [Ir(Cp*)(H2O)3]
2 + in the presence of
Sc(NO3)3 (100 mm) in water at various temperatures is shown
Scheme 8. Catalytic cycle for photocatalytic water oxidation by persulfate
with [RuII(Me2phen)3]
2 + and WOC in the presence of Sc3 + in water.
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in Figure 3, where an induction period is observed in particular
at 278 K.[102] The rate of formation of H2O2 increased rapidly
after the induction period.[102] Such a sigmoidal behavior in the
initial stage of H2O2 production with [Ir(Cp*)(H2O)3]
2 + (red in
Figure 3) indicates that [Ir(Cp*)(H2O)3]
2+ acts as a precatalyst to
produce catalytically more active nanoparticles during the pho-
tocatalytic production of H2O2.
[102] The initial rate of H2O2 pro-
duction increases with increasing temperature, but the maxi-
mum H2O2 concentration decreased because of the enhanced
decomposition of H2O2 (Figure 3).
[102] The formation of nano-
particles was confirmed by DLS measurements. The size of
nanoparticles formed after 12 h photoirradiation at 278 K was
21 nm, whereas the size increased to 240 nm after 36 h photo-
irradiation.[102] Large-sized particles (450 nm) were obtained
after 12 h photoirradiation at 333 K.[102] Thus, the size of the
particles depends on the photoirradiation time and tempera-
ture. XPS measurements of the nanoparticles centrifugally re-
covered from the reaction solution after the H2O2 production
reaction indicated that the formed nanoparticles were com-
posed of Ir(OH)3 as the case of water oxidation by CAN (see
above).[80, 102]
4. Heterogeneous Catalysts
Metal oxides, in the form of dispersed powders, have been ex-
tensively examined as heterogeneous WOCs in the photocata-
lytic water oxidation by persulfate with [Ru(bpy)3]
2 +
(Scheme 2).[104–122] The yields of O2 and the activity in the cata-
lytic water oxidation by persulfate with heterogeneous cata-
lysts are listed in Table 3.[106–122] The most efficient metal oxide
catalyst is IrO2, which gave >99 % yield of O2 per persulfate
and a rate of O2 formation of 190 mm s
¢1 g¢1.[106, 107] IrO2 nano-
crystals were reported to photocatalyze oxygen formation
from aqueous solutions of sacrificial electron acceptors,
without the use of an external light absorber such as
[Ru(bpy)3]
2+ .[108] Photochemical charge carriers are formed
when electrons are excited from the Ir-d(t2g) to the Ir-d(eg)
band (1.5–2.75 eV) or from the O-p to the Ir-d(eg) band (>
3.0 eV).[108] The O2 yield in the photocatalytic water oxidation
by persulfate with IrO2 nanoparticles was 73 %, which is smaller
than the case with [Ru(bpy)3]
2 + (>99 %) in Table 3.[108] The rate
of O2 formation with IrO2 alone (18 mm s
¢1 g¢1) is slower than
that with (Ru(bpy)3]
2 + (190 mm s¢1 g¢1) in Table 3.[108]
RuO2 supported on mesoporous silica SBA-15 (RuO2 NP)
acted as an efficient WOC in the photocatalytic water oxidation
by persulfate with [Ru(bpy)3]
2 + to afford 95 % yield of O2,
[110]
which is much higher than that achieved with RuO2 (27 %)
[109]
and RuO2/Y-zeolite-based catalysts (31 %).
[111] The quantum effi-
ciency (twice of the quantum yield) was determined to be
11.3 %.[110] RuO2 NPs have been recycled up to five times with
minimal loss of activity.[110]
Figure 3. Time courses of H2O2 production under visible-light (l>420 nm) ir-
radiation of [RuII(Me2phen)3]
2+ (20 mm) in the presence of [Ir(Cp*)(H2O)3]
2 +
(100 mm) and Sc3 + (100 mm) in an O2-saturated aqueous solution (3.0 mL) at
333 K (black triangles), 313 K (blue diamonds), 293 K (green squares) and
278 K (red circles).
Table 3. TON and yield in photocatalytic water oxidation by persulfate
using heterogeneous catalysts.
Catalyst pH Rate[a] Yield [%][b] Ref.
IrO2 5.4
[c] 190 >99 [106]
IrO2
[d] 10 18 73 [108]
RuO2 5.0 – 27 [109]
RuO2 NP
[e] 5.4 – 95 [110]
RuOx/Y-zeolite
[f] – 31 [111]
NiFe2O4
[g] 8.0 2.7 74 [112]
Co3O4
[g] 8.0 2.4 64 [112]
Co3O4-150
[h] 7.0 - 27 [113]
Co3O4-750
[h] 7.0 - 16 [113]
NiO[g] 8.0 1.5 52 [112]
a-NiO nanorods[i] 8.5 1.8 44 [114]
Fe3O4
[g] 9.0 0.95 55 [112]
Fe2O3
[g] 8.5 0.65 24 [112]
Fe2O3 (nanocubes) 8.0 – 13.4 [115]
Fe2O3 (nanoplates) 8.0 – 4.5 [115]
Fe2O3 (nanoflakes) 8.0 – 3.0 [115]
Fe2O3 (nanoarticle) 8.0 – 17.7 [115]
CuFe2O4 8.5 11 73 [116]
LaCoO3 7.0 5.5 74 [117]
CoWO4
[j] 7.0 1.3 19 [117]
La0.7Sr0.3CoO3
[j] 7.0 3.6 59 [117]
NdCoO3
[j] 7.0 4.6 59 [117]
YCoO3
[j] 7.0 1.8 24 [117]
CoNCN[k] 9.0 – 76 [118]
NiMnO3 7.0 9.6 52 [119]
a-MnO2 7.0 5.0 24 [119]
Mn2O3 7.0 2.5 18 [119]
Mn2O3 (bixbyite) 7.0 2.4 – [120]
Mn3O4 7.0 1.0 4 [119]
Mn3O4 ((hausmannite) 7.0 1.0 – [120]
g-MnO2 7.0 0.94 – [120]
NiO/CoO/Fe2O3 8.5 – 64 [121]





0.15)(CN)6] 8.0 62 100 [125]
[a] O2 evolution rate: mM s
¢1 g¢1 (catalyst weight: g). [b] Yield is defined as
twice the number of moles of O2 per mole of Na2S2O8. [c] 5.0 Õ 10
¢2 m
(1.0:1.3) Na2SiF6-NaHCO3 buffer. [d] Photoirradiation (300 W Xe lamp, l>
400 nm) of a buffer solution (100 mL, pH 10) containing Na2S2O8
(42.9 mmol) and IrO2 (3.7 mg). [e] RuO2 supported on mesoporous silica
SBA-15. [f] Obtained starting from zeolite Y and Ru3(CO)12. [g] Photoirra-
diation (l>420 nm) of an aqueous buffer solution (pH 8.0, 2.0 mL) con-
taining the catalyst (0.50 g L¢1), Na2S2O8 (5.0 mm), and [Ru(bpy)3]
2 +
(0.25 mm). [h] The number denotes the calcination temperature. [i] a-NiO
nanowires and a-NiO nanoplates exhibited similar catalytic reactivity.
[j] Photoirradiation (Xe lamp, l>420 nm) of a phosphate buffer solution
(50 mm, 2.0 mL, pH 7.0) containing the catalyst (0.25 g L¢1), Na2S2O8
(5.0 mm), and [Ru(bpy)3]
2 + (0.25 mm). [k] Cobalt carbodiimide.
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Among earth-abundant metal oxide WOCs, NiFe2O4 exhibit-
ed the highest catalytic activity to afford 74 % yield of O2,
which is higher than those of cobalt oxides, iron oxides, and
nickel oxides (Table 3).[112–115] NiFe2O4 can be easily collected
from the solution after the reaction because of its ferromag-
netic properties.[112] The high O2 yield with NiFe2O4 was main-
tained even after the 10th run in 5 h (Figure 4). No significant
change in either the powder X-ray diffraction (PXRD) pattern
or the morphology of the NiFe2O4 catalyst was observed after
the water oxidation reaction.[112] Cyclic voltammetry studies of
electrocatalytic water oxidation with NiFe2O4 suggested that
a high-valent nickel species may be the active species for the
photocatalytic water oxidation.[112]
The initial rate of H2O2 production with NiFe2O4 nanoparti-
cles with diameters of 120 nm and 91 nm was accelerated 22
times and 33 times, respectively, as compared to the as-pre-
pared NiFe2O4 with diameter of 1300 nm (Figure 5).
[102] This in-
crease in reactivity results from an increase in the surface area
with decreasing the diameter size. The linear relationship be-
tween the initial rates of H2O2 production and the surface
areas of NiFe2O4 nanoparticles indicates that the reactivity of
each active site for water oxidation in the surface of NiFe2O4
remains unchanged irrespective of the particle size.[102]
In order to reuse the nanoparticles after H2O2 production
ceased, an aliquot of an aqueous solution containing a high
concentration of [RuII(Me2phen)3]
2 + was added to the reaction
suspension repeatedly, in which the amount of
[RuII(Me2phen)3]
2+ added to the starting suspension at each
run was calculated in terms of the concentration increase of
200 mm. The concentration of H2O2 in the resulting suspension
increased to be as high as 3.3 mm, ensuring the high stability
of the nanoparticles as WOCs (Figure 5 b).[102]
CuFe2O4 nanocrystals with cubic jacobsite structure also ex-
hibited high catalytic activity in the photocatalytic water oxida-
tion by persulfate with [Ru(bpy)3]
2 + to afford 73 % O2 yield
(Table 3). As in the case of NiFe2O4 (see above), CuFe2O4 can be
easily separated from the reaction solution by magnetic sepa-
ration while maintaining excellent water oxidation activity in
the fourth and fifth runs.[116] The catalytic activity of cobalt-con-
taining metal oxides, such as perovskites (LaCoO3, NdCoO3,
YCoO3, La0.7Sr0.3CoO3), spinel (Co3O4) and wolframite (CoWO4),
was compared in the photocatalytic water oxidation by persul-
fate with [Ru(bpy)3]
2 + (Table 3).[117] The catalysts with the per-
ovskite structure exhibited higher catalytic activity as com-
pared with those of the spinel and wolframite structures.[117]
Among them, LaCoO3 acts as the best catalyst to afford the
highest O2 yield (74 %).
[117] Ni2+ ion-doped manganese oxide
(NiMnO3) also exhibited high catalytic activity in the photocata-
lytic water oxidation by persulfate with [Ru(bpy)3]
2 + to yield
52 % O2 yield as compared with manganese oxides.
[119, 120]
Recently, coordination polymers emerged as potential candi-
dates, possessing both designable structures at the atomic
level and robustness under harsh reaction conditions.[122, 123]
Heteropolynuclear cyanide complexes are the simplest class of
coordination polymers. In general, heteropolynuclear cyanide
complexes have a cubic structure as far as the contained metal
ions allow octahedral coordination.[124] Heteropolynuclear cya-
nide complexes can be easily modified as heterogeneous cata-
lysts suitable for water oxidation. A series of heteropolynuclear





x)(CN)6] , were prepared by mixing an
Figure 4. Time courses of O2 evolution under photoirradiation (Xe lamp,
l>420 nm) of a phosphate buffer solution (pH 8.0, 2.0 mL) containing
Na2S2O8 (5.0 mm) and [Ru(bpy)3]SO4 (0.25 mm) with NiFe2O4 (0.50 g L
¢1) at
room temperature in 10 repetitive examinations.
Figure 5. (a) Time courses of H2O2 production under visible-light irradiation
(l>420 nm) of [RuII(Me2phen)3]
2+ (200 mm) in the presence of Sc3+
(100 mm) and NiFe2O4 (0.17 g L
¢1) with diameters of 1300 nm (black circles),
120 nm (blue squares), and 91 nm (red triangles) in O2-saturated H2O
(3.0 mL, [O2] = 1.2 mm). (b) Time course of H2O2 production in the presence
of NiFe2O4 (0.17 g L
¢1) and Sc3 + (100 mm) under visible-light irradiation
(l>420 nm) of [RuII(Me2phen)3]
2+ (200 mm) in O2-saturated H2O (3.0 mL,
[O2] = 1.2 mm). [Ru
II(Me2phen)3]
2 + was added twice to the reaction suspen-
sion at 50 h and 100 h during photoirradiation. The amount of
[RuII(Me2phen)3]
2 + added each time at 50 h and 100 h to the reaction sus-
pension was calculated in terms of the concentration increase of 200 mm.
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aqueous solution containing both K3[Co
III(CN)6] and
K2[Pt
IV(CN)6] with various Co
III/PtIV ratios ranging from 1:0 to
0:1, and an aqueous solution containing an excess amount of
Co(NO3)2.
[125]
Powder X-ray diffraction patterns for the heteropolynuclear
cyanide complexes with the PtIV ion content ranging from 0 to
1 (Figure 6 a) were assigned as a cubic structure (Figure 6 b),
which is often called as Prussian blue. The gradual decrease of
the diffraction peaks in the 2q angle in accordance with the in-
crease in the PtIV ion content reflects the expansion of a unit
cell resulting from the larger ionic radii of a PtIV ion (0.77 æ) rel-
ative to that of a CoIII ion (0.69 æ).[126]
The stoichiometric amount of O2 (100 %) was obtained in






0.15)(CN)6] (x = 0.15) as a WOC at
pH 8.0.[125] The initial O2 evolution rate increases with an in-










0.15)(CN)6] as a WOC at the rate ex-
ceeded 10 nmol s¢1, which is comparable to that reported for
most active IrO2 nanoparticles.
[49, 125] Thus, the addition of
PtIV(CN)6
2¢ units to cobalt cyanide complexes enhanced the
catalytic activity for water oxidation by increasing the oxida-
tion potential of N-bound CoII ions acting as active sites
through electronic and structural modifications.[125]
5. Conclusion
Homogeneous WOCs in the photocatalytic water oxidation by
persulfate (Na2S2O8) with [Ru(bpy)3]
2+ provided valuable in-
sights into the catalytic mechanisms, including intermediates
such as metal-oxo and dinuclear metal-peroxo complexes.
Whether O¢O bond formation occurs by the nucleophilic
attack of water to metal-oxo species or radical coupling of
metal-oxo species depends on the types of metals and ligands.
Whether metal complexes remain homogeneous or whether
they are converted to heterogeneous nanoparticles is deter-
mined by the type of metals, ligands and water oxidation con-
ditions, in particular by pH. This Focus Review is hoped to facil-
itate the understanding of catalysis of homogeneous and het-
erogeneous WOCs and their combinations in water oxidation
reactions.
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